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Amyloid targeting CAR Macrophages engineered to secrete M-CSF promote their own local 
survival and expansion while resorbing amyloid plaques in the brains of Alzheimer’s disease 
APP/PS1 mice, resulting in significant local clearance of amyloid plaques of all sizes.  
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2023. ; https://doi.org/10.1101/2023.04.28.538637doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.28.538637
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Abstract 
 
Substantial evidence suggests a role for immunotherapy in treating Alzheimer’s disease (AD). 
Several monoclonal antibodies targeting aggregated forms of beta amyloid (Aβ), have been 
shown to reduce amyloid plaques and in some cases, mitigate cognitive decline in early-stage 
AD patients. We sought to determine if genetically engineered macrophages could improve the 
targeting and degradation of amyloid plaques. Chimeric antigen receptor macrophages (CAR-
Ms), which show promise as a cancer treatment, are an appealing strategy to enhance target 
recognition and phagocytosis of amyloid plaques in AD. We genetically engineered 
macrophages to express a CAR containing the anti-amyloid antibody aducanumab as the external 
domain and the Fc receptor signaling domain internally. CAR-Ms recognize and degrade Aβ in 
vitro and on APP/PS1 brain slices ex vivo; however, when injected intrahippocampally, these 
first-generation CAR-Ms have limited persistence and fail to reduce plaque load. We overcame 
this limitation by creating CAR-Ms that secrete M-CSF and self-maintain without exogenous 
cytokines. These CAR-Ms have greater survival in the brain niche, and significantly reduce 
plaque load locally in vivo. These proof-of-principle studies demonstrate that CAR-Ms, 
previously only applied to cancer, may be utilized to target and degrade unwanted materials, 
such as amyloid plaques in the brains of AD mice. 
 
 
Introduction 
 
Recent breakthroughs in liquid cancer treatment brought on by the advent of CAR T-cells 
(Mailankody et al., 2022; Neelapu et al., 2017; Park et al., 2018; Raje et al., 2019; Wang et al., 
2020) inspire considerations that CAR cellular therapy, in which a specialized immune cell is 
modified with a chimeric antigen receptor (CAR) to both target a specific antigen and induce a 
desired cellular function in response to that antigen, may have broader roles in medicine beyond 
cancer. Indeed, the idea of a living drug that can respond in more sophisticated ways than a 
single small molecule is appealing for diseases that have thus far evaded conventional 
approaches. Beyond cancer, Alzheimer’s disease (AD) is one such disease that is both growing 
in prevalence and partially treatable but not curable, despite a large number of mouse and human 
trials with small molecules, antibodies, and targeted therapies (Karran and De Strooper, 2022; 
van Dyck et al., 2023). The pathophysiology of AD is still incompletely understood; however, 
beta amyloid (Aβ) plaque deposition is thought to be a key initial trigger for neurodegeneration 
(Scheltens et al., 2021). Antibodies to Aβ have recently been shown to reduce amyloid plaque 
load and mitigate cognitive decline in AD patients (Budd Haeberlein et al., 2022; van Dyck et 
al., 2023), but also have dose-limiting side effects such as amyloid-related imaging abnormalities 
(ARIA) (Salloway et al., 2022), including hemorrhage and edema ranging from non-
symptomatic to lethal (Couzin-Frankel and Piller, 2022; Reish et al., 2023), without fully 
stopping its cognitive decline. New classes of therapies in this area may herald new benefits.  
 
Previously, CAR-Macrophages (CAR-Ms) have been reported to phagocytose tumor cells 
(Klichinsky et al., 2020), and are currently in a cancer clinical trial (NCT04660929). CAR-M 
technology has thus far not been extended to non-cancerous conditions. Microglia, the resident 
immune cells in the brain, phagocytose and degrade Aβ and amyloid plaques in AD, but are 
noted to be dysfunctional with amyloid engorgement and dispensable for progression of plaque 
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pathology. Ontogenically distinct circulating peripheral monocytes of adult or definitive 
hematopoietic origin are recruited to amyloid plaques in the APP/PS1 transgenic mouse model of 
AD, where they constitute 6% of all plaque-associated macrophages and function in attenuating 
amyloid plaque load (Yan et al., 2022). Enhancing their capacity to resorb plaque may yield 
further benefits.  
 
We wondered if introducing a CAR into macrophages that targets Aβ on the extracellular portion 
(using the aducanumab single-chain variable fragment, scFv), with the phagocytic common 
gamma chain of the Fc receptor on the intracellular portion, would yield effective Aβ 
phagocytosis. The ultimate goal is to create a conceptually new form of therapy for AD with 
potentially favorable risks and benefits. We find that this first-generation CAR-M resorbs plaque 
in vitro and ex vivo, but has limited in vivo survival and fails to reduce local plaque load in vivo. 
However, a next-generation, self-sustaining CAR-M that secretes M-CSF was shown to expand 
in the brain microenvironment after four days of microglia depletion with the CSF-1 inhibitor 
PLX5622. Furthermore, these cells significantly resorbed plaques locally in the hippocampi of 
aged APP/PS1 mice compared to control M-CSF secreting non-targeting CAR-Ms. These studies 
demonstrate that targeted CAR-Ms may be utilized to resorb Aβ in vivo, and suggest living drugs 
may be considered in potential future treatment approaches for AD.  
 
 
Results 
 
Aβ CAR-Ms significantly bind and resorb beta-amyloid in culture and on brain slices ex 
vivo 
 
Since this is a novel CAR construct (Fig. 1a), we first tested whether it is successfully expressed 
on the surface of macrophages after transduction and differentiation. Using an antibody that 
directly recognizes the CAR, we find high surface expression can be obtained on transduced 
HoxB8 cells (Fig. S1a), which were generated by transducing bone marrow cells with the 
previously described estrogen-responsive HoxB8 construct. This construct sustains the cells in an 
undifferentiated state in the presence of estrogen while maintaining the ability to normally 
differentiate into macrophages in the presence of M-CSF without estrogen (Redecke et al., 
2013). CAR-expressing HoxB8 cells were sorted, and the expression of CAR was confirmed on 
HoxB8 cells differentiated into mature macrophages (defined by F4/80 and CD64) with M-CSF 
for 6 days (Fig. 1b). To test whether the scFv expressed on the surface of M-CSF differentiated 
CAR-Ms maintains the ability to bind Aβ, Aβ CAR-Ms or control CAR-Ms, which target an 
irrelevant antigen EphA2 and lack an intracellular domain (Fig.1a), were co-cultured with 
HiLyte™ Fluor 488-labeled Aβ(1-42 ) for different time intervals. Cells were washed and 
analyzed by flow cytometry, which demonstrated a CAR-dependent two-fold increase in both the 
percentage of cells that had taken up Aβ as well a significant increase in the amount of Aβ taken 
up by each cell, both increasing in a time-dependent fashion (Fig. 1c). Increased Aβ uptake by 
Aβ CAR-Ms over control CAR-Ms could also be visualized by microscopy (Fig. S1b), which 
confirmed cellular binding of Aβ(1-42) (Fig. 1d). 
 
To assess a more physiologically relevant target, we cultured Aβ-targeted or control CAR-Ms on 
ex vivo brain slices from aged APP/PS1 mice, to assess their ability to resorb plaques that were 
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deposited in vivo (Fig. 2a). Control and Aβ CAR-Ms were cultured on adjacent brain slices to 
approximately match plaque load and distribution. Quantification of HJ3.4-stained plaques, 
which recognizes all forms of Aβ (Funk et al., 2015), revealed a significant reduction in plaque 
burden in Aβ CAR-M treated slices over control CAR-M slices, which on their own exhibit 
some resorptive activity, ex vivo (Fig. 2b). In preparation for in vivo studies, we desired the 
ability to non-invasively image the CAR-Ms over time, so we retrovirally introduced GFP-
Luciferase into Aβ and control CAR-Ms. To assess whether expressing GFP-Luciferase (GFP-
Luc) affects CAR-M function, we repeated ex vivo plaque resorption assays comparing these 
cells. To further differentiate resorption of all Aβ species from fibrillar compact plaques, we 
stained slices with HJ3.4 antibody as well as X-34, respectively (Styren et al., 2000). We found 
that Aβ CAR-Ms could effectively reduce both compact plaques (X-34-stained) as well as 
diffuse plaques of all Aβ species (HJ3.4-stained). This activity was observed throughout the 
whole brain slice, regardless of GFP-Luc expression (Fig. 2c, 2f). Thus, subsequent studies used 
GFP-Luc expressing control and Aβ CAR-Ms. 
 
CAR-Ms resorb ex vivo amyloid plaques of all sizes 
 
Macrophages are known to phagocytose particles most effectively in the 1-3 micron size range 
(Champion et al., 2008; Pratten and Lloyd, 1986; Tabata and Ikada, 1988), with a rapid fall-off 
in phagocytic capacity of particles of >3 microns in diameter (Pacheco et al., 2013). Although 
the average plaque size is much larger than this – most commonly 10-20 microns – Aβ CAR-Ms 
effectively resorb plaque of all sizes (Fig. 2d). In fact, when we assessed fold change in plaque 
clearance of Aβ-targeted versus control CAR-Ms, targeted CAR-Ms resorbed larger plaques of 
>10 microns relatively more effectively than smaller plaques (Fig. 2e). This, as well as direct 
immunohistological visualization of plaque-CAR-M interactions (Fig. 3f, S2e), suggests that 
plaque is likely resorbed in pieces rather than being taken up by whole plaque phagocytosis.  
 
First-generation Aβ CAR-Ms find plaque in vivo but have limited expansion and survival 
 
While ex vivo assays demonstrated the proof of concept that Aβ CAR-Ms can specifically bind 
and resorb plaque on two-dimensional brain slices, in vivo function relies on the ability of these 
peripherally-derived cells to adapt to the brain niche, compete with local resident cell types, and 
find and resorb plaques in three-dimensional space. Given the importance of preconditioning in 
CAR T-cell therapy (Gattinoni et al., 2005; Giuffrida et al., 2020; Murad et al., 2021) as well as 
in prior microglia engraftment studies (Xu et al., 2020), we preconditioned mice with low dose 
(non-ablative) Busulfan (Wilkinson et al., 2013; Youshani et al., 2019) for two days to deplete 
endogenous microglia prior to intrahippocampal injection of PBS or Aβ CAR-Ms in PBS with 
M-CSF (Fig. S2a). Because it was uncertain if the CAR-Ms would spread within the brain after 
intrahippocampal injection, we chose to inject one hippocampus with cells and the contralateral 
hippocampus with PBS. We assessed the overall engraftment of CAR-Ms using bioluminescence 
imaging in both WT and APP/PS1 mice, and found that in APP/PS1 mice, CAR-Ms survived 
and modestly expanded for the first 10 to 12 days, but subsequently rapidly diminished to 
baseline by day 14 (Fig. S2b, S2c). Mice were sacrificed on day 14 and plaque load was 
quantified in a circular region of interest (ROI) surrounding the PBS or Aβ CAR-M injection 
site. This circular ROI was selected based on the cross-sectional area of the injection site and 
was centered around residual GFP signal that was visible in the hippocampal region (Fig. S2d). 
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Uniform circle sizes were used across all slices, and as a control, random areas from remote sites 
of the cortex were analyzed to ensure the density of plaques was relatively uniform between 
slices/mice. A small number of Aβ CAR-Ms remained, and some were observed to be 
recognizing and binding to Aβ plaques (Fig. S2e), however no significant difference was 
observed in overall plaque load between PBS and Aβ CAR-M treated hemispheres, even 
surrounding the local site of injection (Fig. S2f). Because the injected CAR-Ms appeared to stay 
relatively localized to the injection site (Fig. S2d), for subsequent studies we decided to inject the 
left hippocampus of each animal with control CAR-Ms and the right hippocampus of each 
animal with Aβ CAR-Ms. This bilateral injection paradigm was designed to control for inter-
mouse heterogeneity in hippocampal plaque load. 
 
M-CSF expressing CAR-Ms have enhanced survival and locally reduce hippocampal 
plaque load in vivo 
 
Due to the lack of survival, persistence, and efficacy of first-generation CAR-Ms in vivo, we 
developed M-CSF-expressing CAR-Ms to enhance cell-autonomous differentiation and survival 
and improve persistence and efficacy in vivo. We co-infected control or Aβ CAR-Ms with a 
retroviral construct containing M-CSF followed by a P2A cleavage sequence and Thy1.1 for 
sorting (Fig. 3a). Since Thy1.1 is expressed at a 1:1 ratio with M-CSF, we sorted cells of the 
same Thy1.1 mean fluorescence intensity (MFI) to obtain consistently and uniformly expressed 
M-CSF by both control and Aβ CAR-Ms (Fig. S3a). While first-generation CAR-Ms steadily 
and nearly completely die within a two-week period without exogenous cytokine, we found that 
M-CSF-expressing CAR-Ms were able to persist at a stable level in vitro without significant 
death or expansion in the absence of any exogenous cytokine (Fig. 3b). Since these M-CSF-
secreting CAR-Ms maintain completely independently of cytokine support, we refer to them as 
self-sustaining CAR-Ms.  
 
To assess in vivo survival and expansion of self-sustaining CAR-Ms in the brain niche, we 
injected self-sustaining control and Aβ CAR-Ms in opposite hippocampi of aged APP/PS1 mice. 
To deplete endogenous microglia while sparing non-myeloid cells with a potentially more 
clinically translatable drug (Basilico et al., 2022; Spangenberg et al., 2019), we subjected mice to 
four days of preconditioning with the selective CSF-1 inhibitor PLX5622 (Fig. 3c). 
Bioluminescence imaging showed self-sustaining CAR-Ms rapidly expanded in the first week 
within the brain, then plateaued and rapidly contracted (Fig. 3d, S3b). Although we saw only 
modest microglial depletion with this preconditioning regimen compared with PBS control or 
with low-dose Busulfan preconditioning (Fig. S3c), self-sustaining CAR-Ms reached 
significantly greater numbers than first-generation CAR-Ms, as quantified by non-invasive 
bioluminescence imaging over time (Fig. 3d). To assess whether CAR-Ms were merely 
persisting or were actually expanding after in vivo injection in our various models, we quantified 
fold change in bioluminescence total flux at peak CAR-M levels relative to baseline at injection. 
We found that, on average, little expansion occurred with first-generation CAR-Ms in any of our 
models, and in several mice, the maximum CAR-M load occurred at baseline after injection, 
indicating little to no proliferation in vivo (Fig. 3e). However, self-sustaining CAR-Ms expanded 
in all but one of 18 injected mice, with an average 7-fold expansion (Fig. 3e).  
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Histologic analysis of brain slices from treated mice demonstrated that Aβ CAR-Ms again 
recognized plaque in vivo and demonstrated plaque phagocytosis (Fig. 3f). Furthermore, unlike 
prior experiments using first-generation CAR-Ms, quantification of plaque load in the same ROI 
as defined in prior studies around the hippocampal injection site (Fig. S3d) revealed significant 
plaque reduction after self-sustaining Aβ CAR-M treatment compared to self-sustaining control 
CAR-M treatment in the contralateral hippocampus (Fig. 3g). The reduction in Aβ plaque load 
was evident with self-sustaining Aβ CAR-Ms regardless of whether individual brain slices were 
analyzed, or average plaque load per mouse was analyzed (Fig. 3g). Additionally, compact 
plaques, stained with X-34, were also significantly reduced by self-sustaining Aβ CAR-Ms (Fig. 
3g). Very little migration of CAR-Ms was observed from the site of injection (Fig. S2d), and 
therefore, plaque reduction was only observed within the vicinity of CAR-M injection. Indeed, 
analysis of random remote regions of interest of identical volume in mirror regions of the cortex 
did not reveal any changes in plaque load (Fig. S3e), demonstrating relative uniformity of plaque 
load across hemispheres. While these results demonstrate proof of principle that CAR-Ms can 
focally reduce amyloid plaque load, further work is needed to generate CAR-Ms capable of 
broad migration to reduce plaque load throughout the brain. 
 
Discussion 
 
In this study, we tested the ability of macrophages expressing a novel Aβ-targeting chimeric 
antigen receptor (CAR-Ms) to bind and phagocytose Aβ and amyloid plaques. We found that 
Aβ-targeting CAR-Ms uptake Aβ peptide in vitro in a CAR-dependent manner, and significantly 
reduce both Aβ plaque load and compact plaque load when cultured on brain slices from aged 
APP/PS1 mice ex vivo. We further show that Aβ-targeting CAR-Ms engineered to self-sustain by 
producing M-CSF significantly reduce hippocampal Aβ plaque load and compact plaque load in 
vivo when injected into the hippocampus of aged APP/PS1 mice after preconditioning with the 
CSF-1 inhibitor PLX5622 to deplete endogenous microglia. Together, our findings support the 
further development of CAR-Ms as a potential anti-Aβ therapeutic approach for treating 
Alzheimer’s disease (AD). 
 
These results demonstrate that while macrophages expressing a CAR targeting Aβ can 
significantly resorb Aβ and amyloid plaques in vitro and ex vivo, achieving significant in vivo 
plaque resorption required engineering the cells to self-sustain by producing M-CSF for 
autocrine and/or paracrine stimulation. While M-CSF secretion alone may have achieved some 
degree of plaque clearance through either microglia stimulation (Boissonneault et al., 2009) or 
improving CSF flow dynamics (Drieu et al., 2022), we measured a significant independent CAR 
target-mediated effect, since our control hemispheres were also treated with M-CSF secreting 
CAR-Ms but not targeting Aβ. 
 
In several neurological diseases, including AD, the microglial niche is known to undergo 
phenotypic changes that can be both beneficial and detrimental to disease progression (Salter and 
Stevens, 2017). Because of these insights, there have been several efforts to replace 
dysfunctional microglia with healthy microglia or with peripheral monocytes via microglial or 
bone marrow transplant after preconditioning with myeloablative chemotherapy or radiation to 
remove endogenous microglia (Xu et al., 2020) (Shibuya et al., 2022). These studies also showed 
that while monocytes do not infiltrate the brain parenchyma under homeostatic conditions, 
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monocytes can infiltrate the brain parenchyma in the setting of preconditioning chemotherapy or 
radiation, which in addition to depleting endogenous microglia to make room for new cells to 
engraft, presumably promotes peripheral monocyte infiltration into the brain due to disruption of 
entry sites into the central nervous system, including the blood-brain-barrier, and increased 
secretion of cytokines and chemokines that recruit peripheral immune cells (Ajami et al., 2007) 
(Marchetti and Engelhardt, 2020). In line with these studies, we also observed that 
preconditioning with agents that reduce endogenous microglia, in our case non-myeloablative 
(low dose) Busulfan (Yu et al., 2019), improves engraftment of peripheral myeloid cells in both 
WT and APP/PS1 mice compared to PBS preconditioning. Better microglial removal has been 
achieved with myeloablative doses of Busulfan followed by bone marrow transplant (Sailor et 
al., 2022); however, we intentionally did not pursue fully ablative regimens that have little 
potential for clinical translation. PLX5622 is reported to robustly deplete microglia as well as all 
other myeloid cells in other models if given ad libitum in the chow for an extended period 
(Henry et al., 2020; Spangenberg et al., 2019). In our studies, this more specific microglia-
depleting preconditioning regimen was associated with significantly reduced plaque load in the 
hippocampus of Aβ CAR-M treated APP/PS1 mice. Since a similar PLX CSF1R inhibitor is 
currently FDA approved for a rare myeloid-derived tumor and has been well tolerated (Lamb, 
2019; Tap et al., 2019), this may be a more clinically translatable preconditioning regimen. We 
appreciated only modest microglia reduction after delivering the drug IP BID for four days, and 
although microglia are expected to quickly recover after discontinuation of PLX5622, we still 
observed substantial proliferation of self-sustaining CAR-Ms in that setting. 
 
It is thought that anti-Aβ monoclonal antibodies clear amyloid plaques by both cell-mediated and 
non-cellular mechanisms. Non-cellular mechanisms of amyloid plaque removal include direct 
dissolution of plaques and clearance of amyloid fibrils and oligomers by perivascular clearance 
pathways (Frenkel et al., 1999; Klyubin et al., 2005; Solomon et al., 1997). Another non-cellular 
mechanism of amyloid plaque removal is based on the peripheral sink hypothesis, which posits 
that peripherally administered antibodies shift the balance between CNS and peripheral Aβ by 
reducing peripheral Aβ, which promotes Aβ efflux from the brain to re-balance this equilibrium 
(DeMattos et al., 2001). A downside to non-cellular clearance is that the direct disaggregation of 
plaques and subsequent clearance of Aβ may promote cerebral amyloid angiopathy (Weller et 
al., 2009). Cell-mediated clearance of amyloid plaques by monoclonal antibodies is thought to 
occur in part by increasing the uptake of antibody coated plaque material by endogenous 
microglia through Fc receptor mediated phagocytosis (Bard et al., 2000; Schenk et al., 1999; 
Sevigny et al., 2016; Wilcock et al., 2004), though amyloid clearance has also been shown with 
F(ab’)2 antibody fragments lacking an Fc domain (Bacskai et al., 2001). These findings imply 
that both non-cellular and cell-mediated mechanisms play a role in the effectiveness of anti-Aβ 
monoclonal antibodies.  
 
Accumulating evidence suggests that peripheral monocytes/macrophages phagocytose and 
degrade Aβ plaques more effectively than microglia. In one study, transgenic mice that block 
peripheral myeloid cell infiltration into the brain parenchyma have increased Aβ plaque load 
compared to control APPSwe/PS1 mice, suggesting that peripherally derived myeloid cells 
phagocytose and eliminate plaques better than brain-resident microglia (Simard et al., 2006). 
Conversely, the depletion of microglia in APP/PS1 mice led to no change in amyloid plaque 
count or size that developed over time, again implying that microglia are unable to effectively 
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phagocytose and degrade amyloid plaques, though the ability of peripheral macrophages to 
reduce amyloid plaque load was not assessed in this study (Grathwohl et al., 2009). The inability 
of late stage disease microglia to control plaque load with AD progression may be attributed to 
the reduced expression of Aβ binding receptors and Aβ-degrading enzymes as plaque deposition 
increases with age, which was shown to lead to decreased phagocytosis and degradation of 
amyloid material in APP/PS1 mice (Hickman et al., 2008). Similarly, microglia isolated from 
human AD brains show reduced expression of molecules important for phagocytosis and the 
recycling of phagocytic receptors (Lucin et al., 2013). Recent reports suggest that microglia may 
even promote the spread and development of Aβ plaques (d'Errico et al., 2022; Huang et al., 
2021). Peripheral macrophages, however, may also be defective at phagocytosing Aβ plaques in 
the setting of AD potentially due to chronic Aβ exposure, as it has been shown that 
monocytes/macrophages from AD patients were less effective at phagocytosing Aβ compared to 
cells from age-matched non-AD patients (Fiala et al., 2005). Allogenic CAR-M therapy may be a 
solution to overcome dysfunctional cell-mediated amyloid plaque clearance in AD and provides 
a theoretical advantage over therapeutic strategies that require functional endogenous cells to 
remove Aβ. 
 
While we did not perform a direct comparison between Aβ CAR-Ms and anti-Aβ monoclonal 
antibodies, additional important theoretical advantages of using CAR-Ms to target amyloid 
plaques are that 1) they can be engineered to express additional helpful factors (such as enzymes 
that help degrade amyloid or other molecules, proteins that improve neuron or other functions, 
cytokines that may have independent benefits, etc.), 2) they may be polarized or engineered to 
acquire a desired phenotype, and 3) they constitutively phagocytose and degrade plaque material 
due to endogenous CAR expression without relying on antibody encounter or on resident 
microglia for Fc mediated uptake. Further, while microglia may become dysfunctional with age 
(Mosher and Wyss-Coray, 2014), CAR-Ms could theoretically be engineered from allogeneic 
young healthy donors and overcome some of the functional challenges facing aged cells. 
 
The ability of CAR-Ms to degrade amyloid may also lead to reduced incidence of amyloid-
related imaging abnormalities (ARIA) compared to antibody therapy. ARIA is thought to occur 
in the setting of anti-Aβ monoclonal antibody therapy when amyloid-antibody complexes are 
cleared via perivascular clearance mechanisms and accumulate in perivascular spaces, which can 
impair further perivascular drainage of these complexes and cause inflammatory reactions that 
damage the brain vasculature and disrupt the blood-brain-barrier, resulting in edema and 
microhemorrhage (Greenberg et al., 2020; Sperling et al., 2012). Future studies will determine if 
CAR-Ms can reduce amyloid plaque burden with less incidence of ARIA than anti-Aβ 
monoclonal antibody therapy. 
 
There are several important limitations to these studies. For poorly understood reasons, CAR-Ms 
injected into the hippocampus of APP/PS1 mice were limited in their survival and migration 
within the brain niche. We have not examined why the CAR-Ms fail to persist long-term within 
the brain, but several possibilities exist. Just as microglia have different phenotypes throughout 
the brain due to differences in local microenvironment (Spiteri et al., 2022), fully differentiated 
CAR-Ms may lack the complete set of receptors necessary to thrive within the brain niche. Even 
if they can survive within the brain, they may become out-competed by more fit microglia as 
they recover from preconditioning depletion. Alternatively, the CAR-Ms may be 
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immunologically depleted, due to either MHC expression of foreign antigenic peptides (such as 
from GFP-Luciferase), or due to mixed strain immunoreactivity (APP/PS1 mice are on a mixed 
C57BL/6 × C3H background, since pure C57BL/6 APP/PS1 mice develop seizures at a 
considerable rate) (Minkeviciene et al., 2009). Additional studies are needed to determine factors 
that promote the migration of peripheral myeloid cells within the brain parenchyma. While the 
mechanism of failure of long-term CAR-M engraftment into the brain is of interest academically, 
it is not clear whether achieving long-term engraftment would be desired clinically. The fact that 
these CAR-Ms are allogeneic and do not persist long-term, but still have a significant local effect 
in vivo is encouraging for the possibility that if CAR-Ms were to become therapeutically relevant 
for AD in the future, an allogeneic product may be feasible. Another limitation of this study is 
that CAR-Ms were delivered intrahippocampally. Clinical translation of Aβ CAR-Ms will likely 
require that these cells be delivered intravenously, but in the context of AD, little is known about 
the factors that promote peripheral monocyte/macrophage entry into the brain. Our previous 
work showed that peripheral monocytes can enter the AD brain in APP/PS1 mice and reduce 
plaque load in the absence of any intervention (Yan et al., 2022), suggesting that increasing the 
number of peripheral monocytes entering the brain, especially Aβ CAR-modified ones, will 
further reduce plaque load. Identification of factors driving peripheral monocyte infiltration into 
the AD brain requires additional study but will inform further rounds of CAR engineering to 
promote greater infiltration into the AD brain and enhance the translatability and efficacy of this 
therapy. Another potential strategy for clinical translation is the delivery of anti-Aβ CAR mRNA 
with monocyte/macrophage-targeted lipid nanoparticles, as has been done for CAR-T cells in the 
setting of cardiac fibrosis (Rurik et al., 2022). 
 
Although we use Aβ as the target of these CAR-Ms for proof of principle, theoretically any other 
protein may be targeted and degraded by simply replacing the scFv domain of the CAR. Our data 
establish CAR-Ms as one additional potential approach in the therapeutic toolbox for AD, and 
extend the potential use of CAR-Ms beyond cancer. 
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Materials and Methods  
  
Plasmids 
The Aβ CAR construct was generated by adding the aducanumab scFv, and mFcγR extracellular, 
transmembrane, and intracellular domains to a MuLV retroviral backbone. The control CAR 
construct was generated by adding an anti-EphA2 scFv and CD8 extracellular transmembrane 
domains to the retroviral backbone. The GFP-luc construct was made from GFP and F-luciferase 
in a MuLV retroviral backbone. The M-CSF construct was generated by adding Thy1.1 and M-
CSF to the retroviral backbone. 
  
Cell lines  
RD114 and Plat-E cells were cultured in DMEM media (Sigma-Aldrich) with 10% FBS (Atlas 
Biologicals), 1% penicillin and streptomycin (Gibco). The generation of HoxB8 cells has been 
previously described (Redecke et al., 2013). Briefly, femoral bone marrow cells from C57BL/6J 
mice were isolated and cultured in recombinant mouse IL-3, IL-6, and SCF for 2 days. On the 
third day of culture, cells were cultured in media with FLT3-ligand and infected with retroviral 
introduction of an MSCV vector containing the mouse Hoxb8 DNA and a human estrogen 
receptor binding domain with a mutation that prevents physiological concentrations of estrogen 
from binding. HoxB8 cells were maintained in RPMI media (Gibco) with 10% FBS (Atlas 
Biologicals), 1% penicillin and streptomycin (Gibco), 1%sodium pyruvate (Gibco), non-essential 
amino acids (Gibco), HEPES (Thermo-Fischer), 2Mm L-glutamine, 0.1% beta-mercaptoethanol 
(Gibco), FLT3-ligand and beta estradiol (Sigma). All the HoxB8 cells were transduced with 
retroviral vectors obtained from Plat-E cell lines. After transduction, FACS sorting is performed 
to obtain 100% retroviral vector+ HoxB8 cells. To induce differentiation, sorted HoxB8 cells 
were incubated in RPMI media supplemented with 10% M-CSF for 6 days. Macrophages were 
lifted from cell culture plates for downstream assays with Accutase (Innovative Cell 
Technologies). All the cell lines were regularly tested for mycoplasma by in-house PCR. 
   
Cell transfection and transduction  
The RD114 retroviral packaging cell line was seeded to 6-well plates at a concentration of 
500,000 cells/well the day before transfection. 2.5 µg of plasmid DNA was mixed with 5 µL 
Polyethyleneimine (PEI) at 1ug/ml stock solution (Alfa Aesar) and incubated for 15 min at room 
temperature before being added to the RD114 cells. 16-24 hours later, media was changed and 
retrovirus was collected for use starting 24 hours later. RD114 virus was used to generate stable 
virus-producer Plat-E cell lines generated via retroviral transduction with 8ug/ml polybrene and 
spinfection at 3000rpm for 1 hr. Plat-E virus was used to transduce HoxB8 cells, which were 
transduced with 4ug/ml polybrene and spinfection at 600xg for 30mins. 
   
Flow cytometry  
All antibodies were titrated. CAR expression was measured with Goat anti-human IgG Alexa 
Fluor 647 (156339, Jackson ImmunoResearch) and transduction with the M-CSF construct was 
measured with anti-Thy1.1 PE (B336285, BioLegend). M-CSF differentiated macrophages were 
stained with Fc block and Oligoblock (made in-house), anti-F4/80 BV421 (0351659, BD 
BioScience) and anti-CD64 BV786 (0328308, BD BioScience). Live/dead staining and the M-
CSF CAR-M viability assay was conducted with ZombieNIR Fixable Viabilty Dye (423106, 
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Biolegend). Flow cytometry data was acquired on a Cytek NL-3000, and data was analyzed with 
FlowJo version 10.8.1 (Treestar/BD Biosciences).  
 
In vitro phagocytosis assay  
CAR-macrophages were generated by differentiating HoxB8 cells with M-CSF for 6 days and 
were then seeded in 96-well plates at a concentration of 20,000/well in 200 µL serum free RPMI. 
1 µL of HiLyte™ Fluor 488-labeled Amyloid-beta (1-42) (Anaspec) prepared by reconstituting 
0.1mg in 50 µL of 1% NH4OH, was added into each well. After 2 or 4 hours of co-incubation, 
the wells were washed with PBS and analyzed by flow cytometry. 
 
Ex vivo phagocytosis assay 
12-14 month old APP/PS1 mice were perfused with PBS prior to brain extraction. Brains were 
frozen on dry ice and then stored at -80°C. Prior to each assay, frozen brains were sectioned into 
10 µm slices using a CryoStat, and subsequently placed on PDL coated coverslips. The 
coverslips were then placed in cell culture plates immersed in culture media. 
  
CAR Hoxb8 cells were induced to differentiate to macrophages in RPMI media with M-CSF for 
6 days. On day 6, floating cells were washed away with PBS and adherent CAR-Macrophages 
were lifted with Accutase (Innovative Cell Technologies). Brain slices were incubated with 
2x105 control or Aβ CAR-Ms in 1mL of differentiation media (RPMI + M-CSF) for 44 hours. 
Cells were cultured on adjacent brain slices to approximately match plaque load and distribution. 
After incubation, brain slices were fixed in 4% PFA for 20 min. Slices were then stained with X-
34 dye or HJ3.4 antibody. High resolution images of the slices were taken using a NanoZoomer 
Digital Scanner (Hamamatsu Photonics). The total area of plaque coverage was measured with 
NIH ImageJ software and expressed as percentage total area. The frequency of size classified 
plaques was analyzed with ImageJ software. 
 
Intracranial injection and BLI imaging  
APP/PS1 mice (B6;C3-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax from Jackson Labs, MMRRC 
Stock No. 34928, maintained as C57BL/6 x C3H strain), 12-14 month of age, were 
preconditioned with either 20mg/kg Busulfan once a day for 2 days or PLX5622 (HY-114153, 
MedChemExpress) at 50mg/kg twice daily for 4 days by intraperitoneal (IP) injection. Busulfan 
was dissolved in DMSO (Sigma) at a concentration of 30 mg/mL and diluted to 3mg/mL in PBS 
for injection. PLX5622 was dissolved in DMSO at a concentration of 50mg/mL and diluted to 
5mg/mL in in 20% Kolliphor RH40 (Sigma-Aldrich) in PBS. 
 
Cells were prepared for intracranial injection by incubating CAR HoxB8 cells in 10% M-CSF 
differentiation media for 6 days. On Day 6 post differentiation, the macrophages were lifted with 
Accutase, washed 3 times with PBS, and loaded into a 5 µL Hamilton syringe at a concentration 
of 1.5x105 cells/µL. 2µL of Aβ CAR-Ms were injected into the right hippocampus and 2µL of 
PBS or control CAR-Ms were injected into the left hippocampus (Coordinate: AP: -2.0, ML: 
±1.6 DV: -1.5). CAR-Ms were injected with 200 ng/ml recombinant M-CSF. Bioluminescence 
imaging (BLI) was performed every 3-7 days; mouse heads were shaved before imaging. Mice 
were grouped in three day intervals when charting BLI over time. 
   
Immunohistochemistry for in vivo studies 
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12-14 month old male and female APP/PS1 mice were sacrificed on day 14 with Fatal-Plus and 
perfused with PBS. For microglia depletion studies (Fig. S3c), mice were sacrificed on day 4 
post preconditioning with PBS, Busulfan, or PLX5622 as above. Brains were removed, fixed for 
24 hours in 4% paraformaldehyde fixative in 0.1 M phosphate buffer (PB) (pH 7.4) and then 
transferred to a solution containing 30% sucrose in 0.1 M PB until the tissue sank down. The 
brain was then sectioned (40 µm) and twelve equally spaced sections (80 µm apart) containing 
the dorsal part of hippocampus were immunostained using antibodies against GFP and HJ3.4 
delineated below. For microglia depletion studies, brain sections were stained with Iba1. Brain 
sections were permeabilized and blocked with 0.3% Triton X-100/ 3% dry milk in 0.01 M PBS 
for 30 minutes followed by incubation with primary antibodies overnight at 4°C and 
fluorescently labeled secondary antibodies at 37°C for 1 hour. Primary and secondary antibodies 
employed are shown in Supplemental Table 1. For X-34 staining, brain slices were mounted on 
glass slides. Tissue was permeabilized with 0.25% Triton for 30 minutes and stained with X-34 
dissolved in a solution of 40% ethanol in water, pH 10, for 20 minutes. The tissue was then 
rinsed in distilled water and mounted. 
  
Supplemental Table 1    
Antigen  Primary working 

concentration  
Source   
  

Secondary working 
concentration  

Source  

Iba1  1:1000  Rabbit anti-Iba1 
(Wako Pure  
Chemical Industries, 
Ltd.  
cat# 019-19741) 

1:800  Anti-rabbit Alexa488 
(Thermo Fisher) 

GFP  1:500  Goat anti-GFP 
(Rockland  
antibodies)  
  

1:800  Anti-goat Alexa488 
(Life Sciences)  

Aβ (HJ3.4)  1:1000  Biotinylated 
antibody, gift  
from Dr. David M.  
Holtzman 

1:800  Cy5 Streptavidin 
(Jackson 
ImmunoResearch 
Inc.) 

  
Assessment of Microglial Depletion with Preconditioning 
Images were acquired with a Biotek Cytation 5 (Agilent) and images were analyzed with Biotek 
Gen5 software. For each mouse, six regions of interest (ROIs) were captured in each hippocampus 
at 20x magnification, for a total of 12 ROIs per mouse and three mice per group. In each ROI, Iba-
1 positive cells were counted using the following parameters in Gen5: threshold minimum 4800, 
minimum size 10 µm, maximum size 60 µm, include primary edge objects, do not split touching 
objects. This mask was applied using the same settings to all ROIs across conditions to quantify 
microglia in the hippocampus. 
 
Assessment of amyloid plaques  
Images were acquired using a Zeiss Axio Scan Z1 or a Nikon AXR Confocal Microscope. For 
each mouse, five to nine sections containing the dorsal hippocampus (spaced 80 µm apart) were 
analyzed using Image J. Circular regions of interest (ROIs) with uniform areas of 3622 um2 were 
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created, centered around the injection site in the hippocampus (residual GFP signal). Plaque load 
was quantified within these circles using brain sections stained with either HJ3.4 or X-34. Plaque 
load was expressed as percentage of area within the ROI. Uniform circle sizes were used across 
all slices. For controls, circular ROIs in mirror cortical regions were analyzed to ensure the density 
of plaques was relatively uniform across mirror regions of each hemisphere. 
  
Statistics  
Statistical analyses were performed in GraphPad Prism version 9.5.1. Results are expressed as 
mean ± s.e.m. Statistical differences were assessed with the unpaired 2-tailed Student’s t test for 
comparison of 2 experimental groups or ANOVA for 3+ experimental groups. P values from 
ANOVA with multiple-comparisons were generated with Tukey’s multiple-comparisons test. 
Specific test used in each case is denoted in figure legends. Unless otherwise stated, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. A 2-tailed P value of less than 0.05 was considered 
statistically significant. 
  
Study approval  
All animal studies were approved by the IACUC at Washington University School of Medicine.  
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Figure 1: Generation of an aducanumab-based Aβ CAR-M and validation of CAR-
mediated uptake of soluble Aβ.  
a) Schematic diagram of Aβ CAR and Control CAR constructs. b) Representative FACS plots of 
(left) F4/80 and CD64 surface expression on HoxB8 cells at day 0 and day 6 of differentiation 
with M-CSF; (right) surface CAR expression on cells at day 6 of differentiation. FSC-A, forward 
scatter area. c) In vitro phagocytosis of AlexaFlour488 fluorescent tagged Aβ(1-42) by Aβ CAR 
Ms or control CAR-Ms after 2 or 4 hours of co-incubation, depicted as % uptake (left) or mean 
fluorescence intensity (MFI, right). Data is represented as mean ± s.e.m. from n=2-3 independent 
experiments with 2-3 technical replicates for each condition. Statistical significance was 
calculated with 2-way ANOVA with Šidàk’s multiple comparisons test d) Representative image 
of Aβ CAR Ms co-cultured with AF488 tagged Aβ(1-42) for 4 hours. 
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Figure 2: Aβ CAR-M resorb amyloid plaques of various sizes on brain slices from aged 
APP/PS1 mice ex vivo. 
a) Schematic of ex vivo assessment of amyloid plaque phagocytosis. Adjacent brain slices from 
aged APP/PS1 mice were co-incubated with Aβ CAR-M or Control CAR-Ms for 44 hours and 
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plaque load was assessed with HJ3.4 or X-34 immunostaining. b-e) Assessment of plaque load 
(b, c), plaque count (d), and plaque fold clearance of Aβ CAR-M over Control CAR-Ms (e) on 
APP/PS1 brain slices after co-incubation with no cells, control CAR-M, or Aβ CAR-M with or 
without GFP-Luc. Data shown as mean ± s.e.m from n=5-6 independent experiments with 5-6 
technical replicates each. Statistical significance was calculated with one-way ANOVA with 
Tukey’s multiple comparisons test (c (HJ3.4), d) or unpaired t-tests (c (X-34), e). For c-e, *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant. f) Representative images 
demonstrating adjacent brain sections stained with HJ3.4 or X-34 after co-incubation with no 
cells, control CAR-M, Aβ CAR-M, or Aβ CAR-M GFP-Luc cells. 
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Figure 3: M-CSF secreting “Self-Sustaining” Aβ CAR-Ms have improved survival and 
reduce plaque load in vivo. 
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a) Schematic of M-CSF secreting “self-sustaining” construct retrovirally introduced into control 
and Aβ CAR-Ms that contains the M-CSF gene followed by a P2A cleavage sequence and 
Thy1.1. b) % change in live cell count of first-generation Aβ CAR-Ms and self-sustaining Aβ 
CAR-Ms upon removal of M-CSF from the culture medium in vitro, determined by flow 
cytometry staining with ZombieNIR live/dead staining. Cells were differentiated for 6 days in 
M-CSF to become mature macrophages, prior to M-CSF removal. Statistical significance was 
calculated with an unpaired t-test. c) Schematic of PLX5622 pre-conditioning and 
intrahippocampal injection of self-sustaining Aβ CAR-Ms. d) Total flux determined by non-
invasive bioluminescence imaging (BLI) tracking first-generation Aβ CAR-M kinetics in vivo 
compared to self-sustaining Aβ CAR-M kinetics after intrahippocampal injection (upper). 
Representative BLI images from self-sustaining Aβ CAR-M treated mice (lower). Days indicates 
days post-intrahippocampal injection. n=10-18 mice per group. Statistical significance was 
calculated with unpaired t-tests. e) Fold-expansion of CAR-Ms from the first day of BLI after 
intrahippocampal injection of cells to the day of maximum total flux measured by BLI. n=6-18 
mice per group. Statistical significance was calculated with one-way ANOVA with Tukey’s 
multiple comparisons test. f) Representative immunofluorescence microscopy images of self-
sustaining Aβ CAR-Ms binding to amyloid plaque in vivo. g) Assessment of plaque load after 
intrahippocampal injection of self-sustaining control CAR-M or self-sustaining Aβ CAR-M in 
n=7 aged APP/PS1 mice. Mice were sacrificed on day 12 or 13 post intrahippocampal injection 
and brain tissue was sectioned and stained with HJ3.4 and X-34 to assess plaque load. Data 
shown as mean ± s.e.m. Statistical significance was calculated with unpaired t-tests. For b-d, *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant. 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2023. ; https://doi.org/10.1101/2023.04.28.538637doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.28.538637
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25 

 
Supplemental Figure 1: Generation and validation of CAR HoxB8 cells. 
a) Representative FACS plots showing surface expression of the Aβ CAR on untransduced, 
retrovirally transduced, and transduced and sorted HoxB8 cells used for downstream 
experiments. Numbers represent percentage of cells in the indicated gate. Representative of n>3 
independent experiments. b) Representative images of control or Aβ CAR Ms co-cultured with 
AF488 tagged Aβ(1-42) for 4 hours. 
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Supplemental Figure 2: First generation Aβ CAR-Ms have limited expansion and survival 
and fail to reduce plaque load in vivo when administered with Busulfan preconditioning. 
a) Schematic of Busulfan pre-conditioning and intrahippocampal injection of Aβ CAR-Ms. b) 
Non-invasive bioluminescence imaging tracking CAR-M persistence after intrahippocampal 
injection. n=6-14 mice per group. Statistical significance calculated with one-way ANOVA with 
Tukey’s multiple comparisons test. c) Representative bioluminescence images following 
Busulfan preconditioning and intrahippocampal injection of Aβ CAR-Ms. Days indicates days 
post-intrahippocampal injection. d) Representative immunofluorescence microscopy image 
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showing GFP+ CAR-Ms localized to the hippocampus 13 days after intrahippocampal injection. 
Circular region of interest indicates area in which plaque load was quantified. e) Representative 
immunofluorescence microscopy images of Aβ CAR-Ms binding to amyloid plaque in vivo. f) 
Assessment of plaque load after intrahippocampal injection of PBS or Aβ CAR-M in n=6 aged 
APP/PS1 mice. Mice were sacrificed on day 14 post intrahippocampal injection and brain tissue 
was sectioned and stained with HJ3.4 to assess plaque load. Data shown as mean ± s.e.m. 
Statistical significance was calculated with unpaired t-tests. 
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Supplemental Figure 3: Self-sustaining, M-CSF secreting Aβ CAR-Ms expand in vivo when 
administered with PLX5622 preconditioning and reduce plaque load in the locally in the 
hippocampus in vivo. 
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a) Representative FACS plots showing surface expression of Thy1.1 on control and Aβ CAR-Ms 
before and after  retroviral transduction of HoxB8 cells with the M-CSF construct and sorting for 
Thy1.1+ cells. Gated on single, live, CAR+ cells. MFI, mean fluorescence intensity b) 
Representative bioluminescence images following PLX5622 preconditioning and 
intrahippocampal injection of self-sustaining Aβ CAR-Ms. Days indicates days post-
intrahippocampal injection. c) (left upper) Representative image showing the six regions of 
interest (ROI) in which Iba-1 positive cells were quantified in each hippocampus and a higher 
power view of one ROI showing the cell masking used for quantification. (left lower) 
Representative images showing one ROI from mice treated with PBS for 2 days, 20 mg/kg 
Busulfan for 2 days, or 50 mg/kg PLX5622 for 4 days, twice a day. (right) quantification of Iba-
1+ cells where each dot represents the average Iba-1+ cell count in all ROIs per mouse. 
Statistical significance was calculated with a one-way ANOVA with Tukey’s multiple 
comparisons test. d) Representative images of brain sections from CAR-M treated aged 
APP/PS1 mice stained with HJ3.4. Images indicate circular regions of interest centered around 
GFP signal in the hippocampus representing the cell injection area in which plaque was 
quantified, highlighted in higher magnification on the right. Control regions of interest were 
quantified in the cortex to ensure uniform plaque load between mice. “C”= control CAR-M 
treated side, “E”= Aβ CAR-M treated side. e) Assessment of plaque load in the cortex and the 
hippocampus (HPC) after intrahippocampal injection of self-sustaining control or Aβ CAR-Ms 
in n=7 aged APP/PS1 mice. Mice were sacrificed on day 12 or 13 post intrahippocampal 
injection and brain tissue was sectioned and stained with HJ3.4 or X-34 to assess plaque load in 
the regions of interest shown in d). Data shown as mean ± s.e.m. Statistical significance was 
calculated with unpaired t-tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not 
significant. 
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